Before the maturation of rod and cone photoreceptors, the developing retina relies on light detection by intrinsically photosensitive retinal ganglion cells (ipRGCs) to drive early light-dependent behaviors. ipRGCs are output neurons of the retina; however, they also form functional microcircuits within the retina itself. Whether ipRGC microcircuits exist during development and whether they influence early light detection remain unknown. Here, we investigate the neural circuit that underlies the ipRGC-driven light response in developing mice. We use a combination of calcium imaging, tracer coupling, and electrophysiology experiments to show that ipRGCs form extensive gap junction networks that strongly contribute to the overall light response of the developing retina. Interestingly, we found that gap junction coupling was modulated by spontaneous retinal waves, such that acute blockade of waves dramatically increased the extent of coupling and hence increased the number of light-responsive neurons. Moreover, using an optical sensor, we found that this wavedependent modulation of coupling is driven by dopamine that is phasically released by retinal waves. Our results demonstrate that ipRGCs form gap junction microcircuits during development that are modulated by retinal waves; these circuits determine the extent of the light response and thus potentially impact the processing of early visual information and light-dependent developmental functions.
Introduction
Across the developing nervous system, immature networks generate correlated spontaneous activity between neighboring groups of cells (for review, see Blankenship and Feller, 2010; Wenner, 2012; Wang and Bergles, 2015) . This phenomenon has been well studied in the retina, where, before eye-opening, retinal waves are mediated by cholinergic signaling and propagate throughout the developing visual system (Ackman et al., 2012) . Retinal waves are critical for establishing retinotopic and eyespecific maps in both the superior colliculus and lateral geniculate nucleus of the thalamus (for review, see Huberman et al., 2008; Kirkby et al., 2013; Ackman and Crair, 2014) .
The effect of waves on the development of early neural circuits within the retina is less well understood (Kerschensteiner, 2013) . They are known to influence dendritic growth and synapse formation (Bansal et al., 2000; Lohmann et al., 2002) . Additionally, they have been implicated in network plasticity of the developing retina, whereby in the absence of cholinergic retinal waves, "recovered waves" mediated by gap junctions emerge (Stacy et al., 2005; Sun et al., 2008; Stafford et al., 2009; Kirkby and Feller, 2013) . These recovered waves propagate more rapidly than cholinergic waves, cover a larger area, and are modulated by dopaminergic signaling. We previously suggested that the gap junction networks underlying recovered waves are suppressed by cholinergic signaling (Kirkby and Feller, 2013) , which highlights the dynamic interaction between these two different wave-generating circuits.
Interestingly, the circuits mediating recovered waves (Kirkby and Feller, 2013) , and those of cholinergic waves (Renna et al., 2011) , strongly interact with intrinsically photosensitive retinal ganglion cells (ipRGCs). In both cases, light stimulation of ipRGCs increases retinal wave activity, suggesting that intraretinal microcircuits respond to ipRGC inputs. ipRGCs express the photopigment melanopsin and contribute to non-imageforming functions of vision, such as entrainment of circadian rhythms (Berson et al., 2002; Hattar et al., 2003; Rollag et al., 2003) . Being the first photoreceptor to mature, ipRGCs provide the first visual input to retinal circuits and their brain targets (Fahrenkrug et al., 2004; Sekaran et al., 2005; Tu et al., 2005; Schmidt et al., 2008) . ipRGCs are output neurons of the retina; however, there is growing evidence that they additionally form functional microcircuits within the retina (L.P. Müller et al., 2010; Zhang et al., 2008 Zhang et al., , 2012 Reifler et al., 2015) . The contribution of intraretinal ipRGC microcircuits to early light responses during development remains unknown.
Here we explore the neural circuits underlying the ipRGCdriven light responses of the developing retina and the mechanisms by which retinal waves regulate these circuits. We use both anatomical and physiological methods to demonstrate that ipRGCs are extensively gap junction coupled to each other during development and that the extent of coupling increases in the absence of cholinergic waves. We show that this coupling is regulated by dopamine released during retinal waves. Moreover, we demonstrate that, even in the presence of cholinergic waves, ipRGC gap junction microcircuits propagate light-driven signals, thus strongly contributing to the overall light response of the developing retina.
Materials and Methods
Animals. All experiments were performed on mice aged postnatal day P4-P7 of either sex from C57BL/6 WT (Harlan Laboratories) or Opn4-EGFP (P. Kofuji, Minnesota University, Minneapolis) (Schmidt et al., 2008) lines. Animal procedures were approved by the University of California, Berkeley Institutional Animal Care and Use Committees and conformed to the National Institutes of Health Guide for the care and use of laboratory animals, the Public Health Service Policy, and the Society for Neuroscience Policy on the Use of Animals in Neuroscience Research. Animals were anesthetized with isoflurane and decapitated, and the eyes were enucleated. Retinas were removed from eyecups in 95% O 2 -5% (v/v) CO 2 bicarbonate buffered ACSF (in mM as follows): 119 NaCl, 26.2 NaHCO 3 , 11 glucose, 2.5 KCl, 1 K 2 HPO 4 , 2.5 CaCl 2 , 1.3 MgCl 2 ).
Whole-mount retinal preparations. Isolated retinas were mounted RGC-side up on filter paper. Retinas were dark adapted for at least 30 min at room temperature in oxygenated ACSF until transfer to the recording chamber, where they were continually superfused (1-2 ml/min) with oxygenated ACSF at 29°C-32°C.
Electrophysiology and neurobiotin (Nb) fills. Retinas were visualized through a window cut in the filter paper with differential interference contrast optics on a Zeiss Axioskop 2 FS plus microscope under an ACH-ROPLAN 40ϫ water-immersion objective. ipRGCs were identified by GFP signal in Opn4-EGFP mice under epifluorescent illumination, at 470/40 excitation filter and 525/50 emission filter. A hole was pierced in the inner limiting membrane of the retina using a glass recording pipette to access the RGC layer. RGCs were targeted under control of a micromanipulator (MP-225, Sutter Instruments). Recording pipettes were pulled with a tip resistance of 6 -7 M⍀ (for Nb) or 4 -5 M⍀ (for voltage clamp) and filled with internal solution (Nb fills, in mM as follows): 116
KCl, 2 NaCl, 20 HEPES, 0.5 EGTA, 4 ATP-Na 2 , 0.3 GTP-Na 3 , 10 phosphocreatine-Na 2 , 0.05 Nb; voltage-clamp recordings, in mM as follows: 110 CsMeSO 4 , 2.8NaCl, 20 HEPES, 4 EGTA, 5 TEA-Cl, 4 ATP-Mg, 0.3 GTP-Na 3 , 10 phosphocreatine-Na 2 , 5 QX 314-Br; cellattached recordings, in mM as follows: 150 NaCl, containing 0.02 mM Alexa-594. Data were acquired using pCLAMP 10.2 recording software and an Axopatch 200B amplifier (Molecular Devices), sampled at 10 kHz and filtered between 160 and 2000 Hz.
For tracer coupling experiments, Nb tracer (0.5%, SP-1120, Vector Laboratories) was added to internal solution. Cells were voltage-clamped, and pipettes were removed after a 5 min diffusion of Nb internal solution. Retinas were incubated for 25 min in the recording chamber after pipette removal. Cell morphology was assessed after pipette removal to confirm good cell health. Tissue was subsequently fixed and immunolabeled for Nb and the marker of interest (e.g., GFP; see Fig. 2 ), and imaged on a confocal scanning microscope (Zeiss LSM 780 NLO AxioExaminer, Molecular Imaging Center at University of California-Berkeley). The depth series of optical slices (1 m between slices) was acquired using a Zeiss 20ϫ waterimmersion objective. Cell counts were performed by hand on each optical slice, and stacks were reconstructed offline using ImageJ maximum intensity projections for figure presentation.
Whole-cell voltage-clamp recordings were obtained using glass microelectrodes of 4 -5 M⍀ (PC-10 pipette puller, Narishige). Holding voltage (V h ) for measuring photocurrents after correction of the liquid junction potential (Ϫ13 mV) was Ϫ60 mV. Spikelets and spikes were defined as events with amplitudes 2 SDs above the mean and with spacing Ͼ5 ms apart using a custom MATLAB protocol (MathWorks). Traces were analyzed 200 ms at a time to avoid artifacts from slow transient currents. Irradiance-response curves were performed in cell-attached mode. Light was delivered using a tungsten halogen lamp together with an optical filter at 480 Ϯ 4 nm. Firing rates were measured in response to a 5 s pulse of full-field 480 nm illumination of increasing light intensity. Light intensity was adjusted using optical density (OD) filters. All firing rates were normalized to the maximal response at OD ϭ 0 (no filter present), corresponding to an irradiance of ϳ2.4 ϫ 10 14 photons s Ϫ1 cm Ϫ2 . Alexa dye injections. Retinas were visualized through a window cut in the filter paper with differential interference contrast optics, as described above. Injection pipettes were pulled with a tip resistance of 20 -30 M⍀ (Sutter Instruments) and back-filled with a 10 mM solution (in 200 mM KCl) of AlexaFluor-594 hydrazide. Cells were impaled with the pipette, and dye was injected with negative current of 0.1-0.9 nA, 200 ms long pulses at 2 Hz. Samples were fixed for immunoreactions 5 min after injection.
Immunoassays. Whole-mount retinas were removed from recording chamber and transferred to a 4% PFA solution for 30 min at room temperature. Following fixation, retinas were washed in PBS for 20 min at room temperature and remounted onto a new piece of filter paper. They were incubated in blocking buffer (1.5% BSA, 0.2% Na-Azide, 0.2% Triton X-100) (3ϫ 15 min) and then in primary immunoreaction solution. Concentrations of the different primary reactants in blocking buffer were 1:1000 goat (Abcam) or rabbit (Invitrogen) anti-GFP (24 h at 4°C), 1:2500 rabbit anti-melanopsin (48 h at 4°C, Advanced Targeting Systems) and 1:1000 rabbit anti-TH (24 h at 4°C, Abcam), 1:750 goat antiBrn3a (Santa Cruz Biotechnology), 1:50 goat anti-Brn3b (Santa Cruz Biotechnology), 1:500 rabbit anti-GABA (Sigma-Aldrich). After primary reaction, retinas were washed in PBS (3ϫ 15 min) and then incubated for 3 h at room temperature in 1:200 concentrations of secondary antibodies: donkey anti-rabbit or donkey anti-goat (Invitrogen). Nb was stained using a 1:800 streptavidin-594 (Invitrogen) solution in blocking buffer.
Calcium imaging and visual stimulation. Retinas were bulk loaded with the calcium indicator Oregon Green BAPTA-1 AM (OGB-1) using the multicell bolus loading technique and epifluorescent imaging described previously (Blankenship et al., 2009) . Excitation light was filtered with a 470/40 optical filter and yielded ϳ3.4 ϫ 10 17 photons s Ϫ1 cm Ϫ2 to maximally stimulate the ipRGC intrinsic light response. Time series images of 30 or 40 s were acquired at 2 Hz with a 225 ms exposure time using a 40ϫ water-immersion objective. Elliptical ROIs were manually drawn around cells displaying increases in fluorescence within the first 7 s after imaging onset. Cells were classified as light-responsive if they exhibited ⌬F/F above threshold within 7 s of light onset in two consecutive trials spaced 10 min apart. Thresholds were determined for each experiment and ranged from ⌬F/F ϭ 1.2%-5%.
Multielectrode array (MEA) recordings. Isolated pieces of retina were placed RGC-side down onto a 60-electrode commercial MEA that was arranged in an 8 ϫ 8 grid, excluding the four corners, with 10 mdiameter electrodes at a 100 m interelectrode spacing (Multi Channel Systems). The retina was held in place using a dialysis membrane weighted with a ring of platinum wire. The recording chamber was superfused with oxygenated ACSF and maintained between 30°C and 34°C. Preparations were stimulated with unfiltered broad-band full-field light delivered by a tungsten halogen lamp with irradiance (in photons s Ϫ1 cm Ϫ2 ) of 2.4 ϫ 10 12 at 480 nm and 2.9 ϫ 10 13 at 600 nm. Raw data were filtered between 120 and 2000 Hz, and spikes were sorted offline to identify single units using Plexon Offline Sorter software. Spike-sorted data were analyzed in MATLAB. Units that showed an increase in firing rate following light onset were classified as light-responsive. Crosscorrelograms (CCGs) of light-responsive units were calculated using MATLAB's cross-correlogram function. Cells were categorized as being coupled if their normalized CCG between Ϯ 2.5 ms was 0.7 or lower than between 2.5 and 7.5 ms.
High performance liquid chromatography (HPLC) . Whole retinal eye cups were dissected from both eyes and flash frozen in liquid nitrogen. Liquid nitrogen vials were sent to the Vanderbilt Neurochemistry Core Laboratory for dopamine analysis using HPLC with electrochemical detection.
Fluorescence resonance energy transfer (FRET) imaging. D2 cell-based neurotransmitter fluorescent engineered reporters (CNiFERs) were kindly provided by D. Kleinfeld and P. Slesinger (University of California-San Diego) (A. Müller et al., 2014) . CNiFERs were maintained in a humidified incubator at 37°C with 5% (v/v) CO 2 in growth media containing DMEM (containing 4.5 g/L glucose, L-glutamine and Na pyruvate; Invitrogen) supplemented with 10% heat-inactivated FBS (Invitrogen). Cells were trypsinized (0.05%), triturated, and seeded into new flasks at a density ratio of 1:5 upon confluence (approximately every 2-3 d).
Imaging of CNiFERs was based on methods using ACh-CNiFERS described previously (Ford et al., 2012) . Before experiments, CNiFERs were removed from culture flasks using brief (30 s) application of trypsin (0.05%) and were concentrated in growth media. CNiFERs were deposited onto the inner limiting membrane by using a micropipette to transfer solution on top of a filter-mounted retinal piece, mounted ganglion cell side up, and then allowing them to settle onto the surface. Clusters of 2-3 cells were imaged at the focal plane ϳ5-10 m above the inner limiting membrane. We used 5 min imaging windows since CNiFER cells migrated out of the imaging field of view over time periods longer than this. We performed simultaneous patch-clamp recordings of RGCs ϳ50 -200 m from the imaged CNiFERs. FRET images were acquired at 2 Hz using a 60ϫ objective and an excitation wavelength of 435 nm. Individual FRET channel detection was accomplished using a Dual-View image splitter (Optical Insights) with appropriate yellow and cyan channel filters. Background fluorescence was subtracted from both channels. FRET ratios were computed as background-corrected YFP/CFP fluorescence averaged over a region of interest around a single CNiFER.
We quantified the time lag between each FRET transient and the closest wave by measuring the time from the peak of each FRET increase to the trough of the closest wave-associated EPSC (see Fig. 5 ). We compared these results to time-shuffled data to assess the likelihood of our observed temporal correlation occurring by chance. This involved first measuring the means and SDs of the wave and FRET rates from our dataset, then simulating recordings using the measured rates while assuming that the two events occurred independently of one another, and then calculating the time between each FRET transient and its closest wave.
Pharmacology. Dihydro-␤-erythroidine (DH␤E, 8 M), D-AP5 (50 M), 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 M), SR-95531 (gabazine, 5 M), strychnine (4 M), meclofenamic acid (MFA, 50 M), and SCH23390 hydrochloride (SCH, 10 M), raclopride (8 M), TTX (1 mM) were added to perfusion media as stock solutions prepared in distilled water. QX 314 bromide (5 mM) was added to the internal solution. Antagonists were purchased from Tocris Bioscience. The synaptic mixture consisted of a mixture of gabazine, strychnine, D-AP5, DNQX, and, when specified, DH␤E, at the above concentrations.
Results

Acutely blocking retinal waves increases the number of light-responsive cells
We first characterized the impact of acutely blocking waves on the overall light response of the developing retina. To characterize the ipRGC-mediated light response, we simultaneously stimulated melanopsin in ipRGCs and the calcium indicator OGB-1 with epifluorescent light, similar to previous studies (Sekaran et al., 2003 (Sekaran et al., , 2005 Bramley et al., 2011) . This led to a transient increase in fluorescence in a subset of neurons in the ganglion cell layer (Fig. 1 A, C ) that corresponded to spiking activity (Fig. 1B) . There are multiple subtypes of ipRGCs (M1-M5) distinguished by their light sensitivity, morphology, molecular identity, and projection targets in the brain (for review, see Schmidt et al., 2011) . At least three of these subtypes emerge early in development (Tu et al., 2005; Schmidt et al., 2008; Sexton et al., 2015) . Our intensity of imaging light (3.4 ϫ 10 17 photons s Ϫ1 cm Ϫ2 at 480 nm) should maximally activate all subtypes of ipRGCs at this age (Tu et al., 2005; Schmidt et al., 2008; Sexton et al., 2015) . We then repeated these experiments after acutely blocking retinal waves with the nAChR antagonist DH␤E (8 M) for 60 min. Wave blockade produced a twofold increase in the number of cells that exhibited light-evoked calcium transients ( Fig. 1C,D ; DH␤E/control ϭ 2.11 Ϯ 0.88, n ϭ 12 retinas), agreeing with our previous work that describes the emergence of a light-sensitive network in the absence of cholinergic signaling (Kirkby and Feller, 2013) . This increase in light responses was insensitive to combined blockade of GABAergic, glutamatergic, glycinergic, and cholinergic input, indicating that it was not due to a change in synaptic input from these neurotransmitters ( Fig. 1D ; n ϭ 6).
In a subset of experiments, we targeted light-responsive neurons for intracellular dye injections and subsequently immunostained them for melanopsin (Fig. 1E) . In control conditions, the majority of neurons that exhibited light-evoked calcium transients were positive for melanopsin immunoreactivity (n ϭ 12 of 13). In contrast, after cholinergic blockade, the majority of neurons that had gained a light response tested negative for melanopsin immunoreactivity (n ϭ 1 of 5) indicating that they themselves did not have a robust intrinsic light response but rather had inherited it through input from nearby ipRGCs. This high incidence of melanopsin expression among light-responsive cells in control conditions is in contrast with previous reports suggesting that, at P4-P5, only 56% of light-responsive cells are ipRGCs because 44% lose their light sensitivity in the presence of gap junction blockers (Sekaran et al., 2005) . Our observed higher incidence of melanopsin-expressing ipRGCs could be attributed to two factors; first, our targeted injections were biased toward cells with larger somas; therefore, it might favor a particular subtype of ipRGCs with abundant melanopsin expression. Second, a subset of ipRGCs might require gap junction input to generate a robust light response, thus losing their light response in the presence of gap junction blockers. This possibility is explored below.
Increase in the number of light-responsive cells occurs via increased gap junction coupling
We hypothesized that the increased number of light-responsive cells after wave blockade is due to modulation of ipRGC gap junction coupling. In adult retina, ipRGCs are tracer-coupled (Müller et al., 2010) and electrically coupled via gap junctions (Reifler et al., 2015) to wide-field spiking GABAergic amacrine cells. Additionally, during development, calcium imaging experiments suggest that there is gap junction coupling between ipRGCs and other neurons (Sekaran et al., 2005 ).
Thus, we tested whether gap junction coupling underlies the increased number of light-responsive neurons in the absence of retinal waves using several approaches. We first performed tracer-coupling experiments. We filled GFP-expressing ipRGCs in the Opn4-EGFP mouse, which labels M1-M3 ipRGC subtypes (Schmidt et al., 2008) , with the gap junction permeable tracer Nb using a patch pipette (6 -7 M⍀ tip resistance). After a 60 min blockade of retinal waves with DH␤E, we found that the number of neurons tracer-coupled to ipRGCs increased significantly ( Fig.  2 A, B; mean Ϯ SD; control: tracer-coupled cells ϭ 13.90 Ϯ 5.65, n ϭ 10 injected neurons; DH␤E: tracer-coupled cells ϭ 22.82 Ϯ 9.26, n ϭ 11). Additionally, we discovered that a subset of the coupled neurons expressed GFP ( Fig. 2A) , and their number increased slightly but significantly after a 60 min blockade of retinal waves ( Fig. 2B ; control: GFP ϩ tracer-coupled cells ϭ 4.33 Ϯ 1.86, n ϭ 6 cells; DH␤E: GFP ϩ tracer-coupled cells ϭ 6.73 Ϯ 1.95, n ϭ 11). Hence, our findings indicate that ipRGCs are coupled to other ipRGCs and to cells that do not express detectable GFP, which suggests that ipRGCs might propagate their light responses to neurons with low or nonexistent melanopsin expression.
We characterized the spatial arrangement of GFP ϩ and GFP Ϫ coupled cells both before and after 60 min blockade of retinal waves. Although the overall distribution of coupled cells did not change with wave blockade (Fig. 2D ), we found that the distribution of soma locations of GFP Ϫ tracer-coupled cells was skewed toward inside of the dendritic field, whereas the distribution of GFP ϩ tracer-coupled cells was skewed toward outside the dendritic field ( Fig. 2E ; control and DH␤E data grouped together).
We further explored the cell types comprising the gap junction networks of developing ipRGCs by conducting a series of co-labeling experiments in which the tracer-coupled cells were tested for molecular markers of retinal cell types. We found that Nb colocalized with the ganglion cell marker Brn3b, which predominantly labels the M2-M5 ipRGC subtypes, a subset of M1 ipRGCs, as well as a variety of other RGCs (Chen et al., 2011; Jain et al., 2012) , but rarely colocalized with Brn3a, which does not label ipRGCs (Jain et al., 2012) (Fig. 2Fi ,Fii,G). The presence of Brn3b and not Brn3a in the tracercoupled cells indicates that ipRGCs are preferentially coupled to other ipRGCs and avoid conventional RGCs. We found that tracercoupled cells rarely colocalized with GABA (Fig. 2Fiii,G) , in contrast to the tracer-coupling pattern described for adult ipRGCs (Müller et al., 2010) . Additionally, tracer-coupled cells did not colocalize with tyrosine hydroxylase (TH), which labels dopaminergic amacrine cells, a putative postsynaptic target of ipRGCs (Zhang et al., 2008 (Zhang et al., , 2012 (Fig. 2Fiv,G) . It is important to note that we did not observe correlations between ipRGC morphologies and coupling patterns; hence, we did not distinguish between ipRGC subtypes in our analyses (Fig. 2F, bottom) . Our tracer-coupling observations show that ipRGCs are extensively tracer-coupled to other cells, including other ipRGCs, and that this coupling increases when cholinergic waves are blocked. We next investigated whether there is functional coupling of ipRGCs to other retinal neurons via gap junctions. For our first test, we determined whether the depolarization of a single ipRGC (identified by its light-evoked calcium transient; see Fig. 1 ) propagates to the postjunctional retinal neurons. To isolate electrical signaling, we performed these experiments in a mixture of synaptic blockers (see Materials and Methods). Indeed, we found that short depolarizing steps in ipRGCs evoked calcium transients in nearby, although not adjacent, cells, indicating gap junction coupling (Singer et al., 2001) (Fig. 3 A, B) . A 60 min blockade of retinal waves with DH␤E induced a significant increase in the number of postjunctional neurons ( Fig. 3C ; control: number of cells with evoked calcium transient ϭ 2.12 Ϯ 1.13 n ϭ 8; DH␤E: number of cells with evoked calcium transient ϭ 4.0 Ϯ 1.22, n ϭ 5). Under both experimental conditions, a subset of these postjunctional neurons exhibited light-evoked calcium transients. (Fig. 3D ; control: 5 of 17 cells; DH␤E: 12 of 20 cells), which indicates that coupling occurs between both ipRGCs and nonipRGCs and is consistent with tracer-coupling results (Figure 2) . The amplitudes of depolarization-evoked calcium transients were similar in control and DH␤E ( Fig. 3E ; ⌬F/F control ϭ 3.5 Ϯ 2.3%; ⌬F/F DH␤E ϭ 2.6 Ϯ 1.2%), suggesting that the increase in coupled cells observed after blocking waves is dominated by formation of new connections or dramatic strengthening of preexisting gap junction synapses.
For our second test of physiological coupling, we used MEA recordings to determine whether light-evoked action potentials propagate via gap junctions. Similar to our calcium imaging results, we observed an increase in the number of light-responsive cells (seen as individual units after spike sorting) following DH␤E application (DH␤E/control ϭ 1.39 Ϯ 0.26, control/control ϭ 1.10 Ϯ 0.07, n ϭ 8 retinas, data not shown; Fig. 4A , example raster plot). The new light-responsive cells displayed lower peak firing rates than the original light-responsive cells but similar latency-topeak (Fig. 4B,C Red points indicate beginning and end of light-evoked activity. Blue point indicates peak firing rate. The two other depicted bursts of activity (one before and one during light stimulation) correspond to retinal waves. C, Cumulative probability distributions of the light response parameters of peak firing rate and latency-to-peak firing rate before (control, black) and after cholinergic block (DH␤E, original (red) intrinsic light response properties of these ipRGCs (Fig. 4C,D) . To further confirm that the light-responsive cells are gap junction coupled, we computed CCGs of light-responsive units and found that several pairs displayed the characteristic double peak structure of direct electrical coupling (Brivanlou et al., 1998; DeVries, 1999) , including cells that had gained a light response in DH␤E ( Fig. 4E ; 220 of 816 possible pairs of light-responsive units, n ϭ 6 retinas). Furthermore, we observed direct coupling in CCGs of some pairs in control conditions, albeit with a broader distribution that is likely indicative of common input ( Fig. 4E ; 54 pairs total, n ϭ 6 retinas).
Together, our findings demonstrate that, during development, ipRGCs are gap junction coupled to a variety of neurons, including other ipRGCs, and that the extent of this coupling increases in the absence of cholinergic wave-related signaling.
Cholinergic retinal waves regulate ipRGC coupling via dopamine release
How does blocking cholinergic waves increase the coupling of ipRGCs? In adult retina, the regulation of gap junction networks is mediated primarily by the neuromodulator dopamine (Witkovsky et al., 2004; Bloomfield and Völgyi, 2009) , which is released from dopaminergic amacrine cells (DACs) upon ambient illumination (Zhang et al., 2007) and reaches ipRGCs, activating their Type 1 dopamine receptors (D1R) (Van Hook et al., 2012) . Because this dopamine release is driven by photoreceptor activation (Zhang et al., 2007) , it is unclear whether dopamine is released early in development before the maturation of photoreceptors. Our previous study suggests that this is indeed the case because we found that gap junction networks in the developing retina are modulated by dopaminergic signaling (Kirkby and Feller, 2013 ). Thus, we tested the hypothesis that retinal waves drive dopamine release, which in turn modulates ipRGC gap junction coupling during development.
First, we confirmed the presence of DACs (Yoshida et al., 2011) by immunostaining for TH between postnatal ages P4-P6 (Fig. 5A, left) . Second, we showed that dopamine is produced and metabolized during these ages using HPLC with electrochemical detection (Fig. 5A, right) . Third, we directly tested whether cholinergic waves correlate with the diffuse release of dopamine by using a cell-based dopamine sensor (CNiFER) technique (A. Müller et al., 2014) previously used for ACh-sensing (Nguyen et al., 2010; Ford and Feller, 2012) (Fig. 5B) . We found that the sensor displayed transient FRET increases, indicating a diffuse release of dopamine (Fig. 5C,D) . Simultaneous voltage-clamp recordings from nearby RGCs revealed that these FRET increases lagged wave-induced currents by 20 -30 s (Fig. 5C,E) . This lag is due to a variety of factors. First, the sensor itself has relatively slow responses. Direct application of dopamine to the sensor leads to time-to-peak of the FRET increase of ϳ5-10 s, as previously reported (A. Müller et al., 2014) (Fig. 5I, inset) . Second, the density of dopaminergic amacrine cells, which reside in the inner nuclear layer, is very low, ϳ100 m Ϫ2 (Fig. 5A) , which corresponds to 1-2 cells within our imaging field. Hence, the dopamine likely needs to diffuse a long distance before reaching the sensor that resides on the surface of the inner-limiting membrane. In comparison, we used the ACh-CNiFER in the same location and in the presence of a high density of ACh-releasing interneurons, many of which reside in the ganglion cell layer, and we also saw long delays of ϳ10 -15 s (Ford et al., 2012) .
We evaluated the likelihood of the observed 20 -30 s correlation between a retinal wave and a FRET transient occurring and found that it was significantly higher than that expected by chance (see Materials and Methods; Fig. 5E ), suggesting that retinal waves induce the FRET transients. However, not all waves were followed by a FRET transient (Fig. 5D) ; in these cases, the prior wave was linked to a large FRET increase (Fig. 5F ). We could reproduce this phenomenon using consecutive puffs of high-potassium solution (K-puff) to the IPL (Fig. 5G) , indicating that it might be a limitation in the response dynamics of the CNiFER and not a lack of wave-evoked dopamine release. To determine the impact of retinal waves on dopamine release, we blocked cholinergic waves with DH␤E and found that there was a dramatic decrease in the frequency of FRET transients (control: 0.64 Ϯ 0.15 transients/min; DH␤E: 0.12 Ϯ 0.07 transients/min, n ϭ 10, p Ͻ 0.05) and their amplitude (Fig. 5H) , corresponding to approximately a 10-fold decrease in dopamine concentration per transient (Fig. 5I) . Thus, we conclude that cholinergic waves induce diffuse release of dopamine and that blocking them reduces this release.
To test whether dopamine signaling influences ipRGC gap junction coupling, we blocked D1Rs with the antagonist SCH 23390 (SCH, 10 M). Blocking D1Rs, which has no effect on cholinergic retinal waves (Kirkby and Feller, 2013) , induced a fivefold increase in the number of light-responsive neurons ( Fig.  6 ; SCH/control ϭ 5.53 Ϯ 2.68, n ϭ 8 retinas). This increase was greater than that induced by blocking cholinergic waves (Fig. 1) , likely due to the residual dopamine that is still present during wave blockade (Fig. 5H ) . In contrast, blocking D2-type dopamine receptors (raclopride, 8 M) or ionotropic glutamatergic receptors (DNQX, 20 M), which are possible pathways for dopaminergic modulation (discussed below), did not change the number of light-responsive neurons ( Fig. 6B ; raclopride/control ϭ 0.87 Ϯ 0.23, n ϭ 4, DNQX/control ϭ 0.99 Ϯ 0.23, n ϭ 6), indicating that alternate dopaminergic pathways and intraretinal glutamatergic circuits of ipRGCs do not play a significant role in wave-driven dopaminergic modulation of ipRGC gap junctions. Our result of increased coupling in D1R antagonist agrees with several other studies showing that D1R antagonists increase coupling in retinal circuits via changes in gap junction phosphorylation (Bloomfield and Völgyi, 2009; Kothmann et al., 2009 ).
Together, these data describe a putative mechanism by which waves regulate the extent of ipRGC gap junction networks via dopamine release that modulates gap junction coupling.
Gap junction coupling of ipRGCs contributes to the overall light response of the developing retina
Our tracer coupling and physiology experiments (Figs. 2, 3 ) indicate that ipRGC gap junction coupling is robust in the presence of cholinergic waves, which corresponds to a condition of high dopamine release. This leads to the question: does gap junction coupling of ipRGCs influence the light response in normal conditions, when wave-driven dopamine release diminishes gap junction connectivity? To address this, we investigated how gap junction coupling contributes to the light response of ipRGCs.
We conducted whole-cell voltage-clamp recordings of ipRGCs in response to blue light ( ϭ 450 -490 nm, intensity ϭ 3.4 ϫ 10 17 photons s Ϫ1 cm Ϫ2 ), which maximally stimulates all ipRGC subtypes (Berson et al., 2002; Do and Yau, 2010) . Superimposed on the slow photocurrents that are characteristic of ipRGCs (Do and Yau, 2010), we detected small, inward, transient currents resembling spikelets (Fig. 7 A, Trenholm et al., 2013a, b) . ipRGC spikelets were blocked by the sodium channel blocker TTX (1 M) and exhibited shorter interspike intervals than light-evoked action potentials, suggesting that they originate from the spiking of multiple prejunctional cells ( Fig.  7A-C; n ϭ 7) . It is important to note that the interspike intervals of action potentials during light responses are too long to be accounted for by action potential refractory periods, so refractory period was not used to compare action potentials and spikelets. Therefore, further study will be required to directly test whether spikelets emerge from multiple ipRGCs.
Importantly, spikelets were recorded using intracellular solutions that contain the sodium channel blocker QX 314 (5 mM), indicating that they are not generated by spikes in the voltageclamped neuron but rather in the prejunctional ipRGCs.
Because gap junctions act as low pass filters, we might expect that action potentials originating in prejunctional neurons contribute only a small depolarization to a postjunctional neuron (Trenholm et al., 2013a) . However, the slow photocurrents associated with activation of melanopsin should be less filtered as they pass through gap junctions. Thus, we tested how gap junction coupling contributes to N o F R E T t r a n s ie n t a t s u b s e q u e n t w a v e F R E T t r a n s ie n t a t s u b s e q u e n t w a v e ipRGC light responses by blocking gap junctions to effectively eliminate inputs from prejunctional ipRGCs during light stimulation. We compared photocurrents in the absence and presence of the gap junction blocker meclofenamic acid (MFA; 50 M; Fig. 7D ), and found that photocurrents recorded in MFA exhibited significantly smaller amplitudes than those recorded in control (ACSF: peak amplitude ϭ 49.56 Ϯ 16.29 pA, n ϭ 11 cells; MFA: peak amplitude ϭ 18.96 Ϯ 9.06 pA, n ϭ 12 cells; Fig. 7D ,E). Compared with control, MFA did not cause a significant difference in the input resistance of ipRGCs, as previously described for this age (Schmidt et al., 2008) . There still remains the possibility that MFA is impacting unclamped conductances that are contributing to photocurrents; however, given that some cells exhibited control-like photocurrent amplitudes in MFA whereas others exhibited a significant decrease (refer to Fig. 7E ), we conclude that the primary effect of MFA was to block gap junction coupling. These results indicate that ipRGC photocurrents are readily transmitted through gap junctions. Therefore, the light response of an ipRGC integrates an intrinsic photocurrent with an extrinsic component from prejunctional ipRGCs.
To characterize the impact of ipRGC gap junction networks on the overall light response of the developing retina, we used calcium imaging to quantify the number of lightresponsive cells after blocking gap junctions. Application of MFA led to a marked reduction in the number of lightresponsive cells ( Fig. 8A-C ; control/control ratio ϭ 1.06 Ϯ 0.17, n ϭ 11 retinas; MFA/control ϭ 0.25 Ϯ 0.14, n ϭ 9). Importantly, several cells that maintained their light response did not exhibit a decreased response amplitude ( Fig. 8D ; n ϭ 5 retinas, 101 cells); thus, the loss of light-evoked calcium transients cannot be explained by an off-target effect of MFA on the intrinsic light response or on voltage-gated calcium channels that underlie the calcium transient (Vessey et al., 2004; Bramley et al., 2011) . These data cannot be directly compared with amplitude of photocurrents described above (Fig. 7) because there are not within-cell comparisons of the effect of MFA on photocurrent amplitudes. Indeed, there were many ipRGCs that exhibited strong photocurrents in the presence of MFA (Fig. 7E) . Together, these data indicate that during development ipRGC gap junction networks provides a significant contribution to both the single-cell and the wholeretina light response.
Discussion
In this study, we demonstrate that cholinergic retinal waves regulate the early light response of the developing retina by modulating ipRGC gap junction networks. First, we show that acutely blocking cholinergic waves produces a marked increase in the number of light-responsive cells due to an increase in ipRGC gap junction coupling. Second, we provide evidence for a putative mechanism in which waves drive phasic release of dopamine that in turn regulates the extent of ipRGC gap junction coupling. Third, we demonstrate that ipRGC gap junction networks are active in the presence of cholinergic waves and contribute to the photocurrents of individual cells and to the overall light response of the developing retina. These findings directly demonstrate that ipRGCs connect to other neurons within the retina during development and that they do this via gap junctions rather than chemical synapses, consistent with a previous study (Sekaran et al., 2005) . Furthermore, they provide insight into mechanisms of activity-dependent modulation of gap junction networks.
ipRGC gap junction networks are regulated by cholinergic waves
Previous studies have demonstrated that, in the absence of cholinergic waves, an alternative wave-generating circuit that depends on gap junctions emerges (Stacy et al., 2005; Sun et al., 2008; Anishchenko and Feller, 2009; Stafford et al., 2009; Kirkby and Feller, 2013 ). Here we have provided mechanistic insight into this network plasticity. First, we have demonstrated that ipRGCs are tracer coupled and electrically coupled to other ipRGCs and to non-ipRGCs (Figs. 2-4) . Such an intraretinal microcircuit offers a pathway by which a projection neuron can feed back and affect the retinal network. This type of circuit has been shown in adult retina, with a growing body of literature indicating that ipRGCs not only signal to downstream brain targets but also exert widespread intraretinal influence (Müller et al., 2010; Zhang et al., 2008 Zhang et al., , 2012 Joo et al., 2013; Reifler et al., 2015) . Second, we have shown that blocking cholinergic waves during development increases the extent of both tracer and electrical coupling from ipRGCs to other retinal neurons, implying that waves suppress ipRGC gap junction networks. Hence, the regu- lation of gap junction networks by cholinergic retinal waves determines the extent and reach of ipRGC-dependent light responses within the retina.
Wave-evoked dopamine release modulates ipRGC gap junctions
We previously hypothesized that high dopamine signaling may function to suppress gap junction networks during cholinergic waves (Kirkby and Feller, 2013 ). Here we show that dopamine is indeed released during waves, thus providing mechanistic insight into this network plasticity (Fig. 5) . Similar to the effect of blocking waves, blocking dopaminergic signaling through D1Rs, but not D2Rs, also increases the number of light-responsive-cells (Fig. 6) . These results suggest that D1R signaling suppresses ipRGC gap junction coupling. Thus, we propose a putative mechanism where spontaneous cholinergic waves evoke dopamine release that reduces ipRGC gap junction coupling. Although dopamine is released episodically, we speculate that it provides a tonic modulation of gap junctions. This is consistent with our observation that it takes 60 min of wave blockade for gap junction coupling to increase. Although D1 receptors are low affinity and therefore only respond to high concentrations of dopamine (Dreyer et al., 2010) , the resulting second messenger cascade and resulting phosphorylation of connexins are likely to integrate this signal. Studies conducted in heterologous expression systems indicate that PKA modulation of gap junctions occurs on the time scale of several minutes (Wang et al., 2015) (i.e., several waves).
The model emerging from the present study is that retinal waves suppress the spread of light-evoked intraretinal signals from ipRGCs by activating dopaminergic amacrine cells to stimulate release of dopamine, which, acting via D1 receptors, reduces the gap junctional coupling of ipRGCs. This finding is consistent with a previous circuit model proposed for the "recovered waves" observed in a knock-out mouse lacking the ␤2-subunit of nAChRs (Kirkby and Feller, 2013, their Fig. 6 ). Recovered waves are mediated by gap junction coupling; their frequency is increased by light stimulation, increased by D1 receptor antagonists and reduced by D2 receptor antagonists. In the proposed circuit model for recovered waves, there is an increase in ipRGC coupling to a yet to be identified neuron (pictured as an amacrine cell, Kirkby and Feller, 2013, their Fig. 6 ), which in turn increases coupling to other RGCs in a manner dependent on the balance of opposing effects of D1 and D2 receptors (Kothmann et al., 2009 ). In the presence of waves, there is high dopamine release. This favors activation of D1 receptors, which are of low affinity and more sensitive to phasic changes in DA levels, thus suppressing gap junction conductance. In the absence of waves, there is low dopamine. This favors activation of D2 receptors, which are of high affinity and more sensitive to tonic DA levels, thus increasing gap junction conductance.
The data presented here are consistent with this model. First, in response to wave blockade, we observed an increase in coupling to small-soma cells in the ganglion cell layer, which are likely to be an amacrine cell type, in a manner dependent on activation of D1 receptors. However, we did not observe a sensitivity of coupling to D2 receptor antagonists. Furthermore, we did not see the occurrence of recovered waves. Hence, prolonged blockade of retinal waves, such as that in the ␤2-nAChR knockout mouse might be necessary for the upregulation of the D2R in this intervening amacrine cell to mediate the recovered waves.
How waves stimulate dopamine release remains to be elucidated. Two possibilities are that DACs are directly depolarized by nAChR activation, or that they are indirectly activated via ipRGCs that form glutamatergic synapses with DACs (Zhang et al., 2008 (Zhang et al., , 2012 . Our findings are inconsistent with the latter because blocking glutamatergic transmission did not increase the number of light-responsive cells (Fig. 6B) , thus indicating that the extent of ipRGC gap junction coupling is not modulated by glutamatergic-dependent release of dopamine. Elucidating the mechanisms that mediate the interplay between chemical and electrical neural networks will require future studies that explore how signaling pathways activated by D1Rs produce changes in gap junctional conductance (O'Brien, 2014; Pereda, 2014) .
Gap junction networks shape the light response of the retina in the presence of wave-evoked dopamine release This study and previous studies have indicated that gap junctions are suppressed during retinal waves (Stacy et al., 2005; Akrouh and Kerschensteiner, 2013) . However, we find that, even in the presence of waves, ipRGC gap junction networks continue to shape the light response of the retina. Our results indicate that ipRGCs in the developing retina form a syncytium that ensures the depolarization of one ipRGC will contribute to the depolarization of neighboring ipRGCs (Fig. 3) . These findings are consistent with previous studies of developing ipRGCs where it was demonstrated that gap junction blockers decreased cell capacitance (Schmidt et al., 2008) and the number of light-responsive cells in the adult (Sekaran et al., 2003) and during development (Sekaran et al., 2005) . Indeed, previous studies estimated that at P4-P5 only 56% of light-responsive cells were ipRGCs since the rest lost their light response in the presence of the gap junction blocker carbenoxolone (CBX) (Sekaran et al., 2005) . Subsequent studies demonstrated that CBX has off-target effects that blocks light-evoked [Ca 2ϩ ] i rise in isolated ipRGCs (Bramley et al., 2011) , although the concentrations of carbenoxolone used in the developing retina (10 M) appeared to show weaker off-target effects. Furthermore, multielectrode array recordings of ipRGC activity in the first postnatal week indicated that 100 M CBX did not decrease the correlated firing between ipRGCs, indicating that either the coupling was not directly between ipRGCs or that CBX was not impacting functional coupling (Tu et al., 2005) . Here we found that the gap junction blocker MFA does not affect the amplitude of light-evoked calcium transients in a subset of ipRGCs, indicating that MFA might not interfere with ipRGC calcium influx (Fig. 8) .
Because gap junctions act as a low pass filter, the contribution of light-evoked currents from neighboring ipRGCs is likely dominated by the slow depolarization evoked by photoactivation of conductances rather than the small fast depolarizations induced by spikelets (Fig. 7) . Indeed, blocking gap junction networks significantly decreases both the photocurrent amplitudes of ipRGCs and the overall number of light-sensitive cells in the retina (Figs. 7, 8) . This scenario sharply contrasts with the function of coupling recently described for direction-selective ganglion cells (Trenholm et al., 2013a, b) . For those cells, gap junction coupling combines with local synaptic input to generate correlated dendritic spikes that contribute to direction coding (Trenholm et al., 2014) . However, for ipRGCs, coupling of photocurrents leads to more efficient detection and propagation of light information (Figs. 7, 8) , and thus might hold implications for pre-vision lightdependent developmental functions, such as the development of retinal vasculature (Rao et al., 2013) , and of light avoidance behaviors that are thought to contribute to pup survival Delwig et al., 2012) .
In conclusion, our results show that, during development, ipRGCs form extensive gap junction microcircuits that shape the early retinal light response. Retinal waves exert a far-reaching, neuromodulatory influence on these circuits via dopaminergic modulation of gap junctions, thus potentially impacting the processing of early visual input. It is likely that this type of wave-dependent, dopaminergic modulation also impacts the development and fine-tuning of other gap junction networks in the immature retina.
